This paper presents a comparative performance analysis of 4-kW axial flux permanent magnet synchronous machines (AFPMSMs) with and without a rotor core. The present study is intended for lowspeed applications; however, the investigated machines are designed using an improved diameter-to-length method and their comparative performance is assessed using comprehensive electromagnetic finite element analysis. The results of this analysis suggest that the proposed coreless topology has the advantages of higher output power, higher efficiency, and lower iron or core losses compared to the conventional iron core AFPMSM.
I. INTRODUCTION
Synchronous machines can be built using a wound rotor structure or a permanent magnet (PM) rotor [1] . Permanentmagnet synchronous machines (PMSMs) tend to be favored over wound rotor synchronous machines (WRSMs) [2] for low-speed applications. PM machines are more efficient than their field-excited counterparts [3] , [4] because the rotor field is generated by permanent magnets mounted on the rotor surface rather than a brushed or brushless field excitation circuit [5] , [6] . This increases their reliability and reduces their maintenance costs [7] , [8] .
Permanent magnet synchronous machines (PMSMs) are generally classified into three categories based on the direction of the flux flow: a) radial, b) axial, and c) transverse flux [9] - [11] . In addition to the conventional advantages associated with PM machines, axial flux permanent magnet (AFPM) machines have distinct advantages com-The associate editor coordinating the review of this manuscript and approving it for publication was Xiaodong Sun . pared to their counterparts [10] , [12] - [15] including a high torque-to-weight ratio, higher power density, higher efficiency, and a more compact structure [16] , [17] . These positive features have encouraged researchers to develop new applications for AFPM machines and to make them more compatible with the modern power market [18] . Major applications of AFPM machines include wind power systems, wheel motors, hybrid vehicles, and robotics [19] - [22] . This paper proposes a high-efficiency 4-kW two-stack coreless axial flux permanent magnet (AFPM) machine for low-speed applications such as wind power generating systems, etc. First, a conventional AFPM machine model with two stators and a three-rotor configuration is designed using an improved diameter-to-length (D 2 L) method [23] - [25] . An AFPM machine model with an outer rotor structure similar to the conventional machine [26] but with a coreless inner-rotor structure is then developed with the goal to increase efficiency and reduce core losses. In this design, the core of the inner rotor is replaced by a thin aluminum or plastic sheet to provide mechanical support for the permanent magnets [27] . As the proposed topology is intended for low-speed applications, it minimizes the chance for the rotor magnets to fly apart. Comparative performance analysis is carried out for the conventional and proposed AFPM machines using comprehensive electromagnetic finite element analysis (FEA) [28] . 
II. DESIGN METHOD FOR THE CONVENTIONAL AND PROPOSED AFPMSMs
The conventional and proposed AFPM machine models are designed using the improved D 2 L design process presented in Figure 1 [23] . This design method consists of two steps which are discussed as follow:
Step 1 Predefined Design Specifications:
The design method employed for the conventional and proposed AFPM machines for low-speed applications is based on certain predefined parameters, including the rated power and voltage, operating frequency, synchronous speed, and expected efficiency of the machines. The values for these parameters are listed in Table 1 .
Step 2 Determination of the Design Parameters:
The step 2 elucidates the procedure of calculation of different designing parameters for the axial flux permanent magnet synchronous machines based on the predefined design specifications using mathematical equations. Because AFPM machines have a large air gap and a disclosed PM pole structure, magnetic flux leakage and fringing may have a considerable effect on the design results. To account for these potential issues, a magnetic flux form factor is utilized in the improved design process, as shown in Figure 1 . The magnetic flux form factor ε is calculated using equation (1):
where B mg and B r are the magnetic flux and residual flux densities, respectively. The number of magnet poles is determined using equation (2) [29]- [31] :
where p is the number of poles, f is the supply frequency, and n s is the synchronous speed. The voltage form factor (σ f ) is calculated using equation (3) [23] :
where E f is the back EMF and V is the phase voltage. The winding factor of the machines (K w1 ) is determined using equation (4) [32] , [33] :
where K d and k p are the distribution and pitch factors, respectively. The outer diameter of the rotor D o is calculated using equation (5) [34] , [35] :
where p r is the rated power in kW, K D is the machine-sizing constant, A m is the electrical loading, K w1 is the winding factor, and η represents the efficiency of the machines. The machine-sizing constant is determined using equation (6), where λ is the ratio of the inner and outer diameters of the rotor, which can be taken as 0.67 [10] :
The inner diameter of rotor D i is determined using the following equation [36] :
The inner pole pitch τ i is calculated using equation (8), while the outer pole pitch τ o is calculated using equation (9) [23] .
Similarly, the inner stator coil pitch ζ i and the outer stator coil pitch ζ o are calculated using equations (10) and (11), respectively [23] :
The total axial length (L) of the machine is calculated using equation (12) [37] .
where j is the number of stacks, h M is the magnet pole thickness, g is the air gap, h Y is the rotor yoke thickness, and h c is the stator coil thickness [23] .
A. DESIGN OF THE CONVENTIONAL AFPM MACHINE
In the available literature, various designs of axial flux permanent magnet machines are presented. In [36] a two-stack AFPMSM with coreless stators was proposed and the performance of the machine was verified through different parameters such like voltage, output power etc. This paper proposes a two-stack axial flux machine with a coreless stator and coreless inner rotor having geometrical parameters, calculated using D 2 L method and sizing equations. The conventional AFPM machine consists of two coreless stators and three surface-mounted permanent magnet (SPM) iron-core rotors (Figure 2 ) [38] , [39] . The output power rating of the machine is 4 kW with a rated speed of 375 rpm, and the machine operates at a supply frequency of 50 Hz. The power rating of each stack is 2 kW. The machine's design parameters are calculated using the improved D 2 L process, which results in 16 rotor magnetic poles and 12 stator coils [23] . Table 2 lists the design parameters.
B. DESIGN OF THE PROPOSED AFPM MACHINE
The proposed AFPM machine presented in Figure 3 consists of two coreless stators and three rotors. The outer rotors of the proposed machine have the same configuration as the conventional AFPM machine. However, the inner rotor has a coreless structure that offers higher efficiency and reduced core losses. The core of the inner rotor in the proposed machine is replaced by a thin aluminum or plastic sheet to provide mechanical support for the permanent magnets. To enable accurate comparative performance analysis of the proposed and conventional AFPM topologies, the magnetic poles are surface mounted as in the conventional topology and the rated output power, speed, and supply frequency are also identical for the two designs.
The design parameters for each stack are calculated using the improved D 2 L process, which results in 16 magnetic poles for the rotor and 12 stator coils. Although the construction of the stators and outer rotors is the same for the conventional and proposed AFPM machines, the construction of the inner rotor and the stack length of the proposed AFPM machine differ from the conventional topology. Table 3 summarizes the design parameters.
III. RESULTS AND DISCUSSION
The results for the conventional and proposed AFPM machine models are obtained using finite element analysis (FEA) [40] - [42] , with JMAG Designer 16.1 employed to simulate the models.
A. RESULTS FOR THE CONVENTIONAL AFPM MACHINE
The simulation results for the conventional AFPM machine are discussed in relation to the back EMF, generated output power, iron losses, and coil flux linkage. Figure 4 illustrates the back EMF for the conventional model. These results are obtained through the 3-D FEA analysis under the noload conditions. On the basis of these simulation results, the RMS value for the generated back EMF is obtained around 108.77 V. Figure 5 displays the generated output power. The average and RMS power values for this model are approximately 3,989.25 and 3,992.35 W, respectively. Figure 6 shows the iron losses generated for the conventional AFPM machine. These losses are obtained through the simulations and are calculated through the 3-D FEA analysis. The average and RMS values of the iron losses of the conventional AFPM machine are 69.33 and 74.14 W, respectively. Figure 7 displays a contour plot of the magnetic flux density for the conventional AFPM topology discussed in this paper. The FEA analysis calculates the magnetic flux density of model in order to predict the minimum and maximum flux density on the machine through its contour plot. Figure 8 illustrates the back EMF of the proposed topology. The back EMF for the U, V, and W phases of the stator windings is sinusoidal with slight fluctuations. The RMS for the generated back EMF is 113.826 V. Figure 9 displays the generated output power for this model; the average and RMS power are calculated to be 3,993.86 and 3,996.62 W, respectively. Figure 10 presents the iron losses for the proposed model, with average and RMS values for the generated iron losses of 63.04 and 64.15 W, respectively. In the performed FEA analysis, the eddy current in the rotor core when applying the material to the rotor is considered while calculating VOLUME 7, 2019 the iron losses. Figure 11 shows a contour plot of the magnetic flux density for the proposed AFPM machine. Figures 12-13 present a comparison between the conventional and proposed AFPM machines for low-speed applications. Figure 12 shows that the generated output power for the proposed model is higher than that of the conventional model. Figure 13 shows that the iron losses for the conventional model are higher than that of the proposed model, with an overall difference of 10 W; this difference is due to the inner coreless rotor structure of the proposed machine.
B. RESULTS FOR THE PROPOSED AFPM MACHINE

IV. COMPARATIVE ANALYSIS OF THE CONVENTIONAL AND PROPOSED AFPM MACHINES
Based on this comparative analysis of the conventional and proposed AFPM machines, it can be seen that the proposed topology produces greater output power and reduced losses. Moreover, the contour plot is taken to observe the magnetic flux density and it shown that proposed model has the higher magnetic flux density. Table 4 summarizes the comparative analysis of the conventional and proposed models. The performance of the proposed machine is better than that of the conventional AFPM machine, as evaluated using FEA. The proposed topology has a lower weight and a smaller volume than the conventional topology. The cost comparative analysis for the conventional and proposed models is shown in table 5, it is observed that the proposed model is more cost-effective than the conventional model.
A cost analysis for the materials used in permanent magnet machines can be found in [43] . The average cost of steel in US dollars is 1.25 $/kg, while wound copper costs 5.51$/kg, and neodymium-iron-boron (Nd-Fe-B) material, which is used for the magnetic poles, costs 15 $/kg. Labor costs are not considered in the present analysis. The weight of the conventional and proposed topologies is presented in Table 6 . As the tables show, the cost and the weight of the proposed topology are lower than that of the conventional AFPM machine because of the coreless inner rotor. In particular, the cost of the proposed AFPM machine is 1.686% lower than that of the conventional AFPM machine, and the weight is reduced to 9.77%.
V. CONCLUSION
This paper proposes a highly efficient 4-kW AFPM machine for low-speed applications. The performance of the conventional and proposed AFPM machines was compared using FEA to assess the generated output power, back EMF, magnetic flux density, and iron losses. According to the simulation results, the proposed topology offers several advantages, such as higher generated output power, higher efficiency, and reduced iron losses compared to the conventional model. In addition, the proposed AFPM machine has a lower volume and weight.
